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Osteoporosis is a skeletal disease characterized by a decrease in bone mass and bone quality that predispose an individual to an
increased risk of fragility fractures. Evidence demonstrating a positive link between certain dietary patterns (e.g. Mediterranean diet or
high consumption of fruits and vegetables) and bone health highlights an opportunity to investigate their potential to protect against
the deterioration of bone tissue during ageing. While the list of these phytonutrients is extensive, this review summarizes evidence on
some which are commonly consumed and have gained increasing attention over recent years, including lycopene and various
polyphenols (e.g. polyphenols from tea, grape seed, citrus fruit, olive and dried plum). Evidence to define a clear link between these
phytonutrients and bone health is currently insufficient to generate precise dietary recommendations, owing to mixed findings or a
scarcity in clinical data. Moreover, their consumption typically occurs within the context of a diet consisting of a mix of phytonutrients
and other nutrients rather than in isolation. Future clinical trials that can apply a robust set of outcome measurements, including the
determinants of bone strength, such as bone quantity (i.e. bone mineral density) and bone quality (i.e. bone turnover and bone
microarchitecture), will help to provide a more comprehensive outlook on how bone responds to these various phytonutrients.
Moreover, future trials that combine these phytonutrients with established bone nutrients (i.e. calcium and vitamin D) are needed to
determine whether combined strategies can produce more robust effects on skeletal health.

Introduction

Osteoporosis is a skeletal disease characterized by com-
promised bone strength, predisposing an individual to an
increased risk of fractures [1]. A diagnosis of osteoporosis
is reached when the bone mineral density (BMD) of an
individual, as measured by dual energy X-ray absorptiom-
etry, is 2.5 standard deviations below the mean value for
young sex-matched adults [2]. Fractures associated with
this disease affect one in three women and one in five
men over the age of 50 years. Indeed, osteoporosis is
responsible for consuming more hospital days than many
other diseases, including diabetes, heart attack and breast
cancer [3]. The direct annual costs of osteoporotic frac-
tures are over €31 billion per year in Europe and $20
billion per year in the USA, and these costs are expected
to rise substantially by the year 2050 [4, 5]. Thus, it is
imperative to promote effective prevention and treat-
ment strategies to counterbalance the significant morbid-
ity, mortality and economic burden associated with this
disease.

Several nutritional factors play a role in skeletal health
during ageing. Macro- and micronutrients contribute to
skeletal health by supporting bone matrix production and
mineralization. Of these, calcium, vitamin D and proteins
are the most important nutrients for supporting the skel-
eton and are reviewed extensively elsewhere [6–9].
However, in many developed countries, where the dietary
intake of calcium is adequate for most individuals com-
pared with recommended daily allowances, very high rates
of osteoporosis are nevertheless observed. These observa-
tions suggest that dietary factors independent of calcium
and/or vitamin D may influence bone and mineral home-
ostasis and may be important for long-term bone health.
Indeed, dietary patterns consisting of a high consumption
of fruits and vegetables, legumes, seafood, nuts, seeds, rice
and/or rice dishes have been shown to be directly associ-
ated with BMD, independent of dietary calcium intake
[10–13]. Albeit not causal, these data have led support to
the hypothesis that there may be dietary factors (e.g. phy-
tonutrients) independent from calcium and vitamin D that
may be linked to skeletal health.
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The primary focus of this review is to discuss the clinical
and preclinical efficacy on bone health of novel nonvita-
min phytonutrients (e.g. lycopene, polyphenols from tea,
grape seed, citrus fruit, olive and dried plum) that are
commonly consumed in the diet and that have gained
increasing attention for skeletal health during ageing.
Phytoestrogens, found in plants such as soy, are excluded
from our current discussion because they have been
extensively reviewed elsewhere [14–16]. Using PubMed/
Medline databases, the present review focuses primarily
on the clinical efficacy of phytonutrients commonly found
in the daily diet; however, we also include some preclinical
data because they provide valuable information on the
efficacy of these ingredients when human data are sparse.
Given that a significant number of the fractures that occur
during ageing occur in individuals with BMD scores that do
not meet the diagnostic criteria of osteoporosis [17–19], a
secondary focus of this review is to identify other outcome
measures of bone health (e.g. bone turnover and bone
microarchitecture) that may complement standard BMD
testing in future trials related to the skeletal efficacy of
phytonutrients.

Lycopene

Lycopene is a major carotenoid synthesized by many
plants and micro-organisms, but not synthesized by
animals or humans [20]. This lipid-soluble carotenoid is a
highly stable molecule and is responsible for the red colour
in many fruits (e.g. tomatoes) and vegetables (e.g. carrots).
Lycopene exists in an all-trans configuration, which is the
most thermodynamically stable form; however, in plasma
and tissues, lycopene is present in large amounts as cis
isomers [21]. The absorption of lycopene is greatest when
it is processed into juice, tomato sauce or even ketchup.
Unlike other carotenoids, such as a- and b-carotene and
b-cryptoxanthin, lycopene has no vitamin A activity. Lyco-
pene has gained attention for its strong antioxidative
capabilities and for its potential to play a protective role
against a number of chronic diseases, including osteoporo-
sis [22].

Clinical evidence of lycopene for skeletal health
Epidemiological data using various adult populations have
demonstrated a positive relationship between the intake
levels or serum levels of lycopene and bone mass, bone
turnover and/or fracture risk [23–27] (Table 1). In the Fram-
ingham Osteoporosis Study, a higher intake of lycopene in
elderly men and women was positively associated with a 4
year change in BMD at the lumbar vertebrae and a lower
risk for hip and nonvertebral fractures [23, 24]. Other work
[27] demonstrated that serum concentrations of lycopene
were lower in postmenopausal osteoporotic women com-
pared with their non-osteoporotic counterparts.

Clinical data have supported the epidemiological find-
ings described above. For example, in postmenopausal
women supplemented for 4 months with lycopene (as a
juice or in a capsule), decreases in N-terminal telopeptide
crosslinks of type I collagen and in oxidative parameters
(i.e. lipid peroxidation and protein oxidation) were
observed [28] (Table 1). In another study, the same
research group demonstrated in postmenopausal women
that a 1 month restriction in their dietary intake of
lycopene-rich foods increased N-terminal telopeptide
crosslinks of type I collagen and decreased the antioxidant
enzymes catalase and superoxide dismutase [29]. These
data, along with in vitro work showing that lycopene
attenuates the production of osteoclast cells [30], suggest
that lycopene protects bone mass during ageing by
attenuating bone resorption.

Preclinical evidence of lycopene for skeletal
health
Our knowledge concerning the effects of lycopene on
bone health stems mostly from epidemiological and clini-
cal trials. Two rodent studies [31, 32] demonstrated that
daily administration of lycopene protects against the loss
of bone mass and bone strength induced by ovariectomy
(Table 1). Given that preclinical research permits us directly
to examine biomechanical strength indices of bone and
mechanisms of action, as well as toxicological properties of
novel ingredients, future studies using preclinical models
are needed to characterize the physiological and toxico-
logical effects of lycopene fully.

Polyphenols and
polyphenol-rich foods

Polyphenols are plant-based compounds that are present
in our daily diet through fruit and vegetables, beans, grains
and beverages, such as fruit juices, coffee and green or
black tea. To date, around 5000 polyphenols have been
identified in the food we consume. Polyphenols are classi-
fied according to the number of phenol rings they contain
and on the structural elements bound to these rings.Thus,
polyphenols have been classified as phenolic acids, flavo-
noids, stilbenes, tannins, coumarins and lignans [33].

Even though it is hard to quantify the dietary intake of
polyphenols, it has been estimated that the average daily
diet provides around 1.5 g [33]. Polyphenols, after con-
sumption, are absorbed into the bloodstream as aglycone
forms and are further metabolized by the organism and/or
microflora enzymes into conjugates of glucuronate or
sulfate and/or eventually eliminated [34]. Thus, circulating
forms may possess different biological properties within
cells and target tissues compared with polyphenol
aglycones.

Despite the large number of molecules identified, most
research to date on the potential benefits of polyphenols
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for bone health has focused on the flavonoids subgroup,
specifically on isoflavones from soybean, which are exten-
sively reviewed elsewhere [14–16]. The flavonoids sub-
group consists of six subclasses, which share a common
structure of two aromatic rings. These are flavones, fla-
vonols, flavanones, isoflavones, flavanols (catechins and
proanthocyanidins) and anthocyanidins [35]. Summarized
below are flavonoids of emerging research interest for
their potential roles on protecting skeletal health during
ageing. In addition, polyphenol-rich foods (olives and dried
plums) that have increasingly gained attention for their
implications in supporting bone health are also discussed
below.

Tea and grape flavanols

Flavanols exist in both the monomer form (e.g. catechins)
and the polymer form (e.g. proanthocyanidins). The main
flavanols include catechin, epicatechin, gallocatechin and
epigallocatechin. Catechin and epicatechin are found in
many types of fruit, but also in red wine, green tea (more
than 80% of green tea polyphenols are catechins) and
chocolate, whereas gallocatechin, epigallocatechin and
epigallocatechin gallate occur in certain seeds of legumi-
nous plants, in grapes and, above all, in tea. Tea, brewed
from the dried leaves of the plant Camellia sinensis, is the
most widely consumed beverage worldwide.

Clinical evidence for tea and grape flavanols
Several epidemiological studies have reported reduced
risk of hip fractures or higher bone BMD in habitual tea
drinkers [36–38]. Despite these reports on the benefits of
tea on human health, the osteoprotective effects of tea
polyphenols and flavanols (including grape flavanols)
using randomized control trials have been poorly investi-
gated. Indeed, only a recent randomized control trial [39]
has been published, in which 171 postmenopausal women
with osteopenia received a supplement of green tea
polyphenols (500 mg day-1) and/or tai chi exercise for 6
months (Table 1). The findings of this short-term, 6 month
clinical trial indicated that the consumption of green tea
supplement provided higher values for serum bone-
specific alkaline phosphatase (bone formation biomarker)
after 4 weeks, while tai chi exercise provided higher values
for bone-specific alkaline phosphatase after 12 and 24
weeks [39]. Neither green tea supplementation nor tai chi
exercise had any effect on serum levels of tartrate-resistant
acid phosphatase (bone resorption biomarker). Although
the effects of green tea polyphenols on bone biomarkers
are promising,a longer term clinical study assessing BMD is
needed to confirm the bone-protective effects of green tea
polyphenols in postmenopausal women [39].

Preclinical evidence for tea and grape flavanols
Several lines of evidence concerning the osteoprotective
effects of green tea on bone mass and microarchitecture in

various induced bone loss models (by ageing,sex hormone
deficiency and chronic inflammation) have been reported,
as extensively reviewed elsewhere [40].Green tea polyphe-
nols provided daily in the drinking water of ovariect-
omized and sham-operated rats for 16 weeks resulted in
higher femoral BMD and lower urinary levels of calcium
compared with respective ovariectomized and sham
control animals [41] (Table 1).These effects were accompa-
nied by significant increases in urinary levels of epigallo-
catechin and epicatechin. Protective effects of green tea
polyphenols on bone have also been observed in a model
of bone loss induced by chronic inflammation [42, 43].
Grape seed proanthocyanidins could also have a potential
role in skeletal protection. Grape seed proanthocyanidins
extract was able to increase bone formation and bone
strength at the mandibular bone in developing rats [44,
45]. Furthermore, grape seed proanthocyanidins extract
supplementation was more effective in reversing debility
of the mandibular condyle bone induced by a low-calcium
diet than a standard diet or high-calcium diet alone. It
would be of interest in the future to know whether grape
seed proanthocyanidins extract supplementation could
also protect skeletal mass and strength during ageing.

Citrus flavanones

Hesperidin (hesperetin-7-O-rhamnoglucoside) represents
one of the most abundant flavanones and is also the most
studied flavanone with respect to bone health. The daily
intake of hesperidin has not been precisely evaluated in
different populations, but arguably it is relatively high for
the flavanone class of polyphenols owing to worldwide
consumption of citrus products, such as citrus fruits and
juices (e.g. in Western countries, intakes of oranges range
from 35 to 50 kg per person per year). Indeed, the content
of hesperetin in oranges and in orange juice is consider-
able, ranging from 31 to 43.2 mg (100 g)-1 and from 200 to
700 mg l-1, respectively [34, 46].

Clinical evidence for citrus flavanones
Only one clinical study has been conducted on the ability
of hesperidin to protect against postmenopausal bone
loss [47] (Table 1). This study was a parallel, double-blind,
placebo-controlled, 24 month randomized intervention
trial assessing the effect of hesperidin on validated
biomarkers of bone turnover and BMD. It was performed in
healthy postmenopausal women (50–65 years old) not
taking any hormone replacement therapy.Volunteers were
assigned to either a hesperidin (500 mg hesperidin day-1 in
two biscuits) or placebo group (same biscuits without hes-
peridin). Subjects kept dietary records and minimized their
citrus-rich food intake during the study period.

The yearly rates of bone loss (1–2%) were equivalent in
the two groups. Evolution in BMD during the 2 years was
not statistically different between the two groups.

Phytonutrients for bone health
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However, the subjects consuming hesperidin presented a
better balance in bone metabolism, as reflected by the
bone turnover index (procollagen I N-terminal propeptide:
carboxy-terminal collagen crosslinks type I ratio), during
the second year of follow-up at the 18 and/or 21 month
time points [47].

Preclinical evidence for citrus flavanones
Dietary hesperidin at a level of 0.5% can improve bone
mass in intact 3-month-old rats and protect against
ovariectomy-induced bone loss in 6-month-old rats [48]
(Table 1). These findings are in accordance with data
obtained in ovariectomized mice fed with the same dose
of hesperidin [49]. A further study examining hesperetin-
7-glucoside, an intestinal metabolite of hesperidin which is
more bioavailable than hesperidin itself, also demon-
strated a greater efficiency than hesperidin in inhibiting
bone loss resulting from ovariectomy in 6-month-old rats
[50]. Positive effects of oranges as well as hesperidin on
skeletal health have also been observed in growing [51]
and older male rats [52]. These findings are in accordance
with male orchidectomized rats consuming hesperidin
through citrus juice [53].Thus, hesperidin has the potential
to play a protective role against the development of oste-
oporosis in both women and men.

The beneficial effects of hesperidin on bone mass have
been mainly related to a slowing down in bone resorption
(urinary free deoxypyridinoline). However, as first sug-
gested by Chiba et al., hesperidin could not only modulate
bone resorption but could also affect bone formation [49,
54]. Hesperidin may also exert protective effects on bone
by modulating the production of inflammatory products
[52].

Olive polyphenols

Olives contain over 30 phenolic compounds, such as oleu-
ropein, oleocanthin, tyrosol and hydroxytyrosol. The main
phenolic compound of olive is oleuropein, and it is esti-
mated that Mediterranean populations consume approxi-
mately 1.16 mg of oleuropein per day [55].

Clinical evidence for olive polyphenols
Mediterranean populations are reported to have lower
incidences of bone fractures compared with other Euro-
pean populations [56]. Epidemiological evidence suggests
that adherence to certain dietary patterns of the Mediter-
ranean diet (i.e. a high consumption of olive oil and fish
and low consumption of red meat) and not to the Medi-
terranean diet per se (i.e. high consumption of plant foods
and olive oil, low consumption of meat and dairy products,
and moderate intake of alcohol) is associated with greater
bone mass [57] (Table 1). Human data on the efficacy of
olive polyphenols on bone health are still lacking; however,
a number of preclinical data (described in the next subsec-

tion) demonstrate that polyphenolic compounds derived
from olive may protect bone mass, especially in the pres-
ence of inflammation.

Preclinical evidence for olive polyphenols
The effect of oleuropein was investigated by Puel et al.
using a rat model of bone loss, associating ovariectomy
and acute inflammation [58] (Table 1). All doses of oleuro-
pein used [2.5, 5, 10 and 15 mg (kg bodyweight)-1 day-1]
elicited protective effects on bone mass. It is interesting to
note that no dose–response pattern was seen in this study,
and the maximal bone effect was achieved at the lowest
dose. Observations of a lower spleen weight vs. the respec-
tive control let to the hypothesis that oleuropein may exert
its bone-sparing effect by modulating inflammation rather
than by acting directly on bone metabolism. Neither oleu-
ropein nor whole olive oil was able to affect BMD in ova-
riectomized rats when inflammation was not induced [59]
(Table 1). Furthermore, a study to determine whether olive
fruits might improve bone loss in ovariectomized rats and
in ovariectomized rats with granulomatous inflammation
was performed [60]. It was shown that black olive but not
green olive was able to prevent bone loss in an experimen-
tal model of senile osteoporosis. Indeed, no protective
effect was reported when rats were ovariectomized
without induction of inflammation, as previously shown
with pure oleuropein [59].

Dried plum polyphenols

Dried plums, also known as prunes, the dried fruits of
Prunus domestica L., are known to be rich in several
polyphenols, including phenolic acid derivatives, flavo-
noids and coumarins. The total polyphenol content in
dried plums has been reported to be 184 mg (100 g)-1 [61].
The major components in these fruits are chlorogenic acid
isomers (i.e. neochlorogenic acid, cryptochlorogenic acid
and chlorogenic acid, which are esters of caffeic acid with
quinic acid). The mean concentration of these chlorogenic
acid isomers is as high as 174.2 mg (100 g)-1, which repre-
sents more than 94% of total phenolics [61].

Clinical evidence for dried plum polyphenols
Most evidence on the consumption of dried plums and
skeletal health status stems from preclinical data [62];
however, two clinical trials conducted in postmenopausal
women have been carried out. A short-term clinical study
(3 months) with postmenopausal women demonstrated
that dietary supplementation with 100 g of dried plums
per day positively influenced the bone formation markers,
bone-specific alkaline phosphatase and insulin-like
growth factor-1 [63] (Table 1). A more recent clinical trial, 1
year in duration, using postmenopausal women fed 100 g
of dried plums per day observed significantly increased
BMD at the spine and ulna compared with baseline and
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the dried apple control group [64] (Table 1), which also
supports a beneficial effect linked to consumption of dried
plums. A discrepancy was observed between these two
trials, however, in relationship to the bone-specific alkaline
phosphatase data. While the 3 month study observed an
increase in bone-specific alkaline phosphatase, the 1 year
study observed a decrease [64]. It is unknown why this
discrepancy was found, but it may be due in part to differ-
ences in study designs, because the women in the short-
term trial were advised to adjust their diets to account for
the additional energy, protein and fat provided from the
dried plums, while the long-term trial did not include this
advice.

Preclinical evidence for dried plum polyphenols
Most of the effects of dried plums on bone metabolism
have been demonstrated using preclinical models of bone
loss. In mice, consumption for 4 weeks of 25% dietary dried
plums protected against ovariectomy-induced loss of BMD
at the spine, while both 15 and 25% dietary dried plums
protected against the deterioration of bone structure at
both the spine and proximal tibial metaphysis [65]
(Table 1). This study also demonstrated positive effects on
bone strength at the spine using these doses. In addition,
dried plums as both 15 and 25% of the diet restored some
bone marrow myeloid and lymphoid populations and sup-
pressed splenocyte activation, which occurs following
ovarian hormone deficiency [65]. Thus, dried plums may
protect ovariectomy-induced bone loss and deterioration
of bone tissue and strength,in part by suppressing immune
cell activation.In ovariectomized rats fed a standard diet for
40 days prior to treatments to establish bone loss, subse-
quent consumption of dried plums restored femoral and
tibial bone density at doses as low as 5%. In addition, 5%
dried plums resulted in higher trabecular microarchitec-
ture in comparison with ovariectomized control animals at
the end of the 60 day treatment [66]. Moreover, it was
shown that the combination of 5% fructo-oligosacharride
with 7.5% dried plums is capable of reversing ovariectomy-
induced bone loss in 3-month-old female Sprague–Dawley
rats, and this effect was enhanced when both compounds
were added to soy-based diet [67]. Likewise, dried plums
exert positive effects on bone mass, bone microarchitec-
ture and bone strength in preclinical models of male oste-
oporosis [68–70], suggesting that this food may be an
attractive strategy to explore further in both female and
male clinical trials assessing skeletal health.

Perspectives for future trials

Table 2 summarizes outcome measures that are commonly
used in clinical and preclinical bone studies. The informa-
tion obtained by each outcome measure offers insight into
how the determinants of bone strength (i.e. bone quantity

and bone quality) respond to various agents. Indeed, many
preclinical studies, such as those described in the present
review, are able to measure the mineral, material, structural
and strength properties of bone directly, because ex vivo
samples are easily obtained. In the clinical setting,however,
the assessment of a comprehensive set of bone outcome
measures, even in the most ideal conditions, may be
limited by various factors, including the degree of invasive-
ness and costs associated with the outcome measure.Thus,
BMD, the gold standard to determine skeletal responsive-
ness to various agents in clinical trials, and/or biochemical
markers of bone turnover are commonly included as
primary outcome measures to assess treatment response
in clinical trials. Bone mineral density, however, is not
always a reliable marker in predicting fracture risk because
approximately half of all fractures that occur, at least in
postmenopausal women, occur in women with BMD
scores that do not meet the diagnostic criteria of oste-
oporosis [17–19]. It is, however, impossible to measure
bone strength directly in humans because strength tests
are invasive and destructive. In addition, measurement of
bone turnover markers can be limited by biological and
laboratory variations, as well as multiple methodologies
used for the same analyte. Technological advances in
quantitative computed tomography, which examines
bone microarchitecture to predict the deformation of
bone, can also predict fracture risk (Table 2) [71, 72];
however, it cannot be used to diagnose osteoporosis,and it
is more expensive than measuring BMD by dual energy
X-ray absorptiometry. Thus, BMD remains the gold stand-
ard in clinical bone studies and should be used when pos-
sible, along with biochemical markers of bone turnover, in
future clinical trials that investigate the skeletal effects of
phytonutrients or phytonutrient-rich foods.When feasible,
other determinants of bone strength (e.g. bone structure)
may provide valuable insight into the skeletal response of
nutritional agents when BMD remains unchanged.

Conclusion

The role of nutrition is of increasing interest for the support
of skeletal health and for the prevention of osteoporosis, a
disease which imposes significant health and financial
burdens worldwide. While evidence to define a clear link
between intakes of phytonutrients, in particular flavo-
noids, and bone health is currently insufficient to generate
precise dietary recommendations, accumulating data
suggest that the current public health guidance of ‘five
servings of fruit and vegetables each day’ may also apply
as a preventive strategy to slow down the development of
osteoporosis. Indeed, the current guidance of five servings
of fruit and vegetables each day highlights the possibility
and probability that nutrition supports bone metabolism
as a consortium of phytonutrients and other nutrients
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rather than in isolation.Thus, trials which examine the com-
bined effects of various nutritional approaches, like those
mentioned above, may provide more robust results
regarding their effects on bone quantity and bone quality.
In addition, human trials that include outcome measures
related to bone quantity (BMD), bone quality (e.g. bone
microarchitecture and bone turnover) and bone strength
(using finite element analysis) should be implemented
when possible to gain a more comprehensive outlook on
how bone responds to these various nutritional factors.
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Table 2
Bone outcome measures used in clinical and preclinical trials

Outcome measure Technology Species Invasiveness Description

BMD
BMC

Dual energy X-ray
absorptiometry (DEXA)

Humans and
animals

Not invasive; however,
subjects are exposed
to low doses of X-rays

Measures the BMC of a region of interest, after which the BMD
can be calculated as follows: BMD = BMC (in grams)/area (in
square centimetres).

A T-score is obtained and is compared with the BMD values of
young healthy adults.

Most widely used technology for measuring BMD.
Up to 50% of fractures occur in postmenopausal women with

normal BMD values, highlighting that BMD is not always a
reliable marker for predicting fracture risk

BMD
Microarchitecture of

cortical and trabecular
bone

Prediction of bone
strength using finite
element analysis

Computed tomography
(quantitative computed
tomography for
humans, mico- or
nano-computed
tomography for
animals)

Humans and
animals

Not invasive; however,
subjects are exposed
to low doses of X-rays

Measures the BMC of a region of interest, after which the
volumetric BMD can be calculated as follows: BMD = BMC
(in grams)/volume (in cubic centimetres).

Produces a three-dimensional image of bone, from which
microarchitectural properties can be evaluated (e.g.
trabecular number, trabecular separation, trabecular
thickness, cortical surface area and cortical thickness).

Predictions of skeletal strength can be made using complex
geometrical algorithms

Speed of sound (SOS)
Broadband ultrasound

attenuation (BUA)
Stiffness Index (SI)

Quantitative ultrasound Humans Not invasive; no exposure
to radiation

Provides an estimation of bone mass and skeletal quality.
Predictive ability of quantitative ultrasound is similar to that of

DEXA .
-Low cost and portability of the instrument make quantitative

ultrasound an attractive measure in various trials (e.g.
children, remote locations where DEXA is not accssible or too
costly to use)

Biochemical markers of
bone turnover

Analytical instruments or
kits (e.g.
enzyme-linked
immunosorbent assays
and
radioimmunoassays)

Humans and
animals

Blood or urine collection
required

Measures markers of bone formation (e.g. osteocalcin, alkaline
phosphatase and type I collagen) and bone resorption (e.g.
deoxypyridinoline, C-telopeptide of type I collagen,
N-telopeptide of type I collagen and pyridinoline).

Some biochemical markers have a predictive value for fracture
risk (e.g. C-telopeptide of type I collagen and procollagen I
N-terminal propeptide)

Osteoblast number,
osteoclast number, etc.

Bone formation rate,
mineral apposition
rate, etc.

Static and dynamic
histomorphometry

Humans and
animals

Invasive, because a bone
biopsy is required

Static histomorphometry measures structural parameters of
bone.

Dynamic histomorphometry measures rates of bone formation
and bone resorption

Fracture DEXA or radiography for
confirmation.

Humans Exposure to radiation if
DEXA or radiography is
used to confirm
fracture

Used in long (�2years) trials to determine whether
interventions are effective in reducing the number of
fractures at various skeletal sites (e.g. hip, spine and radius)Report of fracture to

study investigators

Bone strength
parameters

Biomechanical
strength-testing
machine

Human cadavars
and animals

None, because this
destructive test is
performed on bones
excised from animals
or human cadavers

Measures the amount of force a bone can withstand before it
fractures.

Measures the elastic and plastic properties of bone

Abbreviations are as follows: BMC, bone mineral content; and BMD, bone mineral density.
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